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Synthesis of Non-natural Xyloglucans by
Polycondensation of 4,6-Dimethoxy-1,3,5-triazin-2-yl
Oligosaccharide Monomers Catalyzed by
Endo-[3-1,4-glucanase

Tomonari Tanaka, Masato Noguchi, Masaki Ishihara, Atsushi Kobayashi,
Shin-ichiro Shoda™

Summary: A cellotetraose-backboned hepta-saccharide (XXXG) (a capital X represents
a glucopyranose residue that is substituted with a xylopyranose through an «-1,6
glycosidic bond, and a capital G represents a non-substituted glucopyranose residue)
and a nona-saccharide (XLLG) (a capital L represents a glucopyranose residue that is
substituted with a galactopyranosef(1-2)xylopyranose through an «-1,6 glycosidic
bond) have directly been converted to the corresponding 4,6-dimethoxy-1,3,5-triazin-
2-yl derivatives (DMT-B-XXXG 1 and DMT-B-XLLG 2, respectively) by the action of
4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methyl morpholinium chloride (DMT-MM). The
selective nucleophilic attack of the anomeric hydroxyl group to DMT-MM has been
achieved in water without using any protection of the hydroxyl groups. The resulting
activated oligosaccharide derivatives (1and 2) were found to polymerize catalyzed by
an endo-B3-1,4-glucanase as catalyst. The polymerization took place in a complete
regio- and stereo-selective manner, affording non-natural polysaccharides having a
XXXG-repeating unit and a XLLG-repeating unit, respectively, in the main chain. It is
extremely difficult to construct such definite repeating structures via the conven-
tional synthetic routes including protection-deprotection procedures.

Keywords: DMT-33-glycoside; endo-f3-1,4-glucanase; enzyme; polycondensation; xyloglucan

Introduction

Xyloglucans are one of the major poly-
saccharides emerged in plant cell walls, and
have a cellulose back bone partially sub-
stituted by a xylopyranosyl moiety through
an a-1,6 glycosidic bond. Some xyloglucans
extracted from Tamarindus seeds contain a
galactopyranose unit B-1,2 linked to the
xylopyranosyl moiety.[l_S] Much attention
has been paid to artificial xyloglucans having
a repeating oligosaccharide unit because
these compounds would lead to a greater
understanding of the mechanism of xylo-
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glucan metabolism and the binding mechan-
ism of xyloglucan to cellulose in growing
plant cell wall.[4] Naturally occurring xylo-
glucans, however, do not possess a complete
regularity of saccharide sequences. There-
fore, development of an efficient method for
synthesis of artificial xyloglucan derivatives
with definite repeating structures has
strongly been demanded.
Chemo-enzymatic method has become a
strong tool for the preparation of poly-
saccharides having a repeating oligosac-
charide unit in the main chain.’! The
synthesis of various polysaccharides having
a repeating saccharide unit has been
achieved by the polycondensation of dis-
accharide glycosyl monomers.[*®) How-
ever, the preparation of these glycosyl
monomers require laborious procedures
including protection of the hydroxy groups,
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activation of the anomeric center by
introducing chlorine or bromine, nucleo-
philic replacement by an appropriate leav-
ing group, and the removal of the protect-
ing groups (Figure 1, I—=II-II-IV).
These complicated procedures eventually
lower the total yields of the glycosyl donor
syntheses. In addition, in case of oligosac-
charide glycosyl donors with higher mole-
cular weights, the bond cleavage of labile
glycosidic bonds occurs in the course of the
synthetic process, affording a mixture of
oligosaccharide glycosyl donors with dif-
ferent molecular Weights.[lo’lll These
demerits of the conventional glycosyl donor
synthesis have strongly hampered its appli-
cations to complex target molecules as well
as industrial uses.

Recently we reported a facile method
for direct activation of a free disaccharide
by introducing a triazine ring to the ano-
meric center by using 4-(4,6-dimethoxy-
1,3,5-triazin-2-yl)-4-methylmorpholinium
chloride (DMT-MM)!"> in an aqueous
media (Figure 1, V). In this paper, we
wish to report that 4,6-dimethoxy-1,3,5-
triazin-2-yl glycosides (DMT-glycosides) of
XXXG and XLLG can be prepared directly
from the corresponding oligosaccharides,

and polymerized by the action of an endo-
B-1,4-glucanase. The present reaction
affords novel polysaccharides with well-
defined repeating structures that are diffi-
cult to construct by the conventional
methods.

Experimental Part

Materials

The substrate hepta-saccharide (XXXG)
and nona-saccharide (XLLG) were pur-
chased from Tokyo Kasei Co. Ltd., Tokyo,
Japan. DMT-MM was synthesized from
2-chloro-4,6-dimethoxy-1,3,5-triazine  and
N-methylmorpholine according to the lit-
erature.['?! Endo-B-1,4-glucanase II from
Trichoderma reesei (EGII) was purified
from a crude enzyme, Celluclast® (Novo-
zymes Japan), performing four types of
column chromatography. Collected each
fractions were assayed by the lanthanum-—
alizarin complexon method,[]é] affording an
active fraction that showed a single band on
the SDS-PAGE. The amino acid analysis of
the purified enzyme fraction clearly indi-
cated that the sequence of the peptide
fragment is identical with that of EGIL

(\ _O/xorq; oH

Unprotected sugar

Gl — g

Halogenated sugar
(protected)

Fully protected sugar

Figure 1.
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Activated monomer
(unprotected)

(ol

Activated monomer
(protected)

Synthetic pathways of glycosyl donors. Step I: Protection of hydroxy group (P: protecting group), Step Il
Halogenation at anomeric position (X=Cl, Br), Step llI: Introduction of leaving group to anomeric position
(LG: leaving group), Step IV: Deprotection, Path V: Direct anomeric activation of unprotected sugar.
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Measurements

'H and "*C NMRs have been recorded on a
Bruker DRX-500 at room temperature
in D,0. The molecular weight data were
recorded by Shimadzu MALDI-TOF MS
AXIMA-CFR plus using 2,5-dihydroxyben-
zonic acid as a matrix.

Syntheses of Novel Glycosyl Monomers
(Figure 2)

4,6-Dimethoxy-1,3,5-triazin-2-yl
B-xyloglucan-heptasaccharide (DMT-B-XXXG) (1)
To an aqueous solution (1.00 mL) of hepta-
saccharide (XXXG) (53.1mg, 50.0 umol)
and DMT-MM (27.7mg, 100 wmol) was
added 2,6-lutidine (12.0 n.L, 100 pmol) and
the reaction mixture was stirred for 24 h at
room temperature. After confirming the
complete consumption of XXXG by thin
layer chromatography, the resulting adduct
was purified by HPLC (column: Amide80
(21.5 x 300mm) (TOSOH), eluent: water/
acetonitrile =2/3, flow rate: 8 mL/min, col-
umn temperature: 40°C, detector: RI),
concentrated in vacuo, and freeze-dried to
give DMT-B-XXXG 1 (26.6 mg, 22.1 pmol,
44%).

'H NMR (500 MHz, D,0); 5 5.80 (1H, d,
H-1 of Gl¢', J,,=816Hz), 4.85-4.82
(3H, m, H-1 of Xyl"™V), 4.47-443
(3H, m, H-1 of GIc"™Y), 391 (6H, s,
OCHj;), 3.85-3.22 (39H, m, sugar-H).
3C NMR (126 MHz, D,0); & 173.3 and
171.9 (3C, triazine), 102.9 and 102.4 (3C,
C-1 of GIc"™), 98.8 and 98.2 (3C, C-1 of
Xyl"™™V), 96.7 (1C, C-1 of Glc"), 79.3, 79.1,
and 78.3 (3C, C-4 of Glc"™), 75.5, 75.4,
74.3, 74.0, 73.3, 73.0, 72.9, 72.7, 72.6, 71.8,
71.5, and 69.4 (sugar-C), 66.0 and 65.9 (3C,

C-6 of GIc"™Y), 61.5 and 61.2 (3C, C-5 of
Xyl'"™V), 59.6 (1C, C-6 of Glc'), 55.9 (2C,
OCHa).

MALDI-TOF MS; calcd for C44H71N3035
[M +Na]™: 1225.0, found: 1224.6.

4,6-Dimethoxy-1,3,5-triazin-2-yl B-xyloglucan-
nonasaccharide (DMT-B-XLLG) (2)

To an aqueous solution (0.2mL) of nona-
saccharide (XLLG) (27.7mg, 20.0 wmol)
and DMT-MM (11.1mg, 40pumol) was
added 2,6-lutidine (4.6 n.L, 40.0 pmol) and
the reaction mixture was stirred for 24 h at
room temperature. After confirming the
complete consumption of XLLG by thin
layer chromatography, the resulting adduct
was purified by HPLC (column: Amide80
(21.5 x 300mm) (TOSOH), eluent: water/
acetonitrile =2/3, flow rate: 8 mL/min, col-
umn temperature: 40°C, detector: RI),
concentrated in vacuo, and freeze-dried to
give DMT-B-XLLG 2 (11.1mg, 7.3 wmol,
36%).

'H NMR (500 MHz, D,0); 3 5.81 (1H, d,
H-1of GIc', J, , =8.05Hz), 5.07 (2H, d, H-1
of Xyl"™™ J, ,=3.08 Hz), 4.83 (1H, d, H-1
of Xyl'"V, J;,=3.31Hz), 4.49-4.42 (5H, m,
H-1 of GIc"™" and Gal™™), 3.92 (6H, s,
OCHj;), 3.88-3.21 (51H, m, sugar-H).
13C NMR (126 MHz, D,0); & 173.3 and
171.9 (3C, triazine), 104.5 (2C, C-1 of
Gal™™), 103.0, 102.6 and 102.4 (3C, C-1 of
Gl 1Y), 98.7 and 98.2 (3C, C-1 of Xyl™Y),
96.7 (1C, C-1 of Glc"), 80.2 and 79.8 (3C,
C-4 of Glc"™"), 783, 75.5, 75.1, 74.3, 74.1,
73.5, 73.0, 72.7, 72.6, 71.9, 71.8, 71.5, 71.0,
69.4,69.3, and 68.6 (sugar-C), 66.7, 66.6, and
65.8 (3C, C-6 of GIc"™),61.2 and 61.0 (5C,
C-5 of XyI"™V and C-6 of Gal™™), 59.6
(1C, C-6 of Glc"), 55.9 (2C, OCH3).
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Figure 2.
DMT-B-XXXG 1 (R=
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H) and DMT-B-XLLG 2 (R = 3-D-galactopyranosyl (Gal)).
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MALDI-TOF MS, calcd for C5(,H91N3045
[M +Na]™: 1549.3, found: 1551.5.

Enzymatic Polycondensation of 1

A mixture of DMT-B-XXXG 1 (12.0mg,
10.0 wmol) and EGII (200 pL, 1.99 mg) in
50mM sodium acetate buffer pH 5.0 (300
wL) was incubated at 30 °C for 4 days. After
inactivation of EGII (90 °C for 10 min), the
polycondensation products were isolated
by HPLC (column; Amide80 (4.6 x 250 mm)
(TOSOH), elute; water/acetonitrile =1/1,
flow rate; 1 mL/min, column temperature;
40 °C, detector; RI), concentrated in vacuo,
and freeze-dried. The products (XXXG),
(1.52mg, 0.72pmol, 14%), (XXXG)s
(0.59mg, 0.19 pmol, 6%), and (XXXG),
(0.22 mg, 0.052 pmol, 2%) were obtained as
white solids. The hydrolyzed compound of 1,
XXXG, was obtained (4.25mg, 4.00 pmol,
40%).

(XXXG), (Figure 3, R=H): 'H NMR
(500 MHz, D,0); 3 5.10 (0.4H, d, H-1a of
GIc', J,,=3.69Hz), 4.84 (6H, m, H-1 of
Xyl"™V-VIVID 4 54 (0.6H, d, H-1B of Glc',
J;>=832Hz), 444 (7TH, m, H-1 of
Glc"V") 3.90-3.20 (78H, m, sugar-H).
3C NMR (126 MHz, D,0); & 102.9 and
102.5 (C-1 of Glc"™Y™), 98.8 and 98.2 (C-1
of Xyl™V:-VI=VIIh 957 (C-18 of Glc"),
91.9 (C-1a of Glc'), 79.3,79.1, 78.8 and 78.7
(C-4 of GIc"™V™), 75.5,74.7,74.6, 74.3, 74.0,
73.8, 73.4, 73.3, 73.0, 72.7, 72.6, 71.4, 71.1,
69.9, 69.4 (sugar-C), 66.0 and 65.9 (C-6
of GIc"V-VIVIIY "61.5 and 61.2 (C-5 of
Xyl™V-VEVID 5600 and 59.8 (C-6 of
Glc'a,B).

MALDI-TOF MS; calcd for C78H130065
[M +Na]™: 2130.8, found 2130.8.

(XXXG);: MALDI-TOF MS; caled for
C117H194OL)7 [M + Na]+: 31757, found 3174.2.

Figure 3.
Structure of oligoxyloglucan dimer (R=H or -Gal).

Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

(XXXG)gs MALDI-TOF MS; calcd
for Cis6H2580120 [M -+ Na]*: 4220.6, found:
4218.1.

Enzymatic polycondensation of 2
A mixture of DMT-B-XLLG 2 (4.6mg,
3.0 pmol), and EGIT (601, 0.60mg) in
50mM sodium acetate buffer (pH 5.0)
(90 ul) was incubated at 30 °C for 4 days.
After inactivation of EGII (90°C for
10min), the polycondensation products
were isolated by HPLC (column; Amide80
(4.6 x250mm) (TOSOH), elute; water/
acetonitrile =1/1, flow rate; 1mL/min,
column temperature; 40 °C, detector; RI),
concentrated in vacuo, and freeze-dried.
The products (XLLG), (0.36mg, 0.13
pmol, 9%) and (XLLG); (0.18 mg, 0.044
pmol, 4%) were obtained as white solids.
The hydrolyzed compound of 2, XLLG,
was obtained (1.87mg, 1.35 wmol, 45%).

(XLLG), (Figure 3, R = 8-Gal): "H NMR
(500MHz, D,0); 3 5.11 (0.4H, d, H-1a of
Glc', J,,=349Hz), 506 (4H, m, H-1 of
XyIHIVIVI 4 63791 d, H-1 of Xyl'V-V1I,
J1,=343Hz), 455 (0.6H, d, H-1B of GIc",
J;,="1.86Hz),4.43 (11H, m, H-1 of Glc"¥™"
and Gal™VEVIY 13 903 20 (102H, m, sugar-
H). *C NMR (126 MHz, D,0); 5 104.5 and
104.4 (C-1 of Gal™™VLVI 11030, 102.5, and
102.3 (C-1 of G1c"Y™"), 98.7 and 98.2 (C-1 of
Xyl'V-VIVIIG © 958 (C-1B of Glch), 80.2,
80.1, and 79.7 (C-4 of GIc"™"™), 755, 75.1,
74.0, 73.9, 73.6, 73.4, 73.0, 72.7, 72.6, 71.8,
71.5,71.0,70.0, 69.4, 69.3, and 68.5 (sugar-C),
66.6 and 65.8 (C-6 of Glc"™V-VIVIh 615,
61.1, and 61.0 (C-5 of XyV-Vi-vil
C-6 of Gal™™VIVIN 600 and 59.9 (C-6 of
Glc'a,B).

MALDI-TOF MS, calcd for C102H170085
[M +Na]™": 2779.4, found: 2779.6.
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(XLLG)3;: MALDI-TOF MS; calcd
for C153H254O127 [M +Na]+: 41486, found:
4148.3.

Results and Discussion

Syntheses of Glycosyl Monomers
When an aqueous solution of hepta-
saccharide (XXXG) or nona-saccharide
(XLLG) was treated with 4-(4,6-dim-
ethoxy-1,3,5-triazin-2-yl)-4-methyl ~ mor-
pholinium chloride (DMT-MM) in the
presence of 2,6-lutidine, a novel glycosyl
adduct 1 (DMT-B-XXXG) or 2 (DMT-B-
XLLG) was formed (Scheme 1). The NMR
spectrum the reaction mixture showed that
the XXXG and XLLG were completely
consumed, and converted to the corre-
sponding adducts, 1 and 2, respectively.
These results indicate that the anomeric
hemiacetal hydroxy groups attacks to the 2
position of the triazine ring in DMT-MM
under mild conditions starting from the
corresponding unprotected oligosacchar-
ides without affecting the B-1,4 and «-1,6
glycosidic bonds of the starting oligosac-
charides.

There are three kinds of hydroxy groups
in the XXXG or XLLG unit, one hemi-
acetal hydroxy group, the primary hydroxy

showing their specific pK, values, 12.2,
16.0, and 16.5, respectively. On the other
hand, water has the pK, value (15.7) in
between those of the hemiacetal and the
other hydroxy groups. The preferential
attack of the hemiacetal hydroxy group to
DMT-MM in water can be explained by the
fact that the hemiacetal hydroxy group
behaves as a stronger nucleophile than
other hydroxy groups as a result of selective
deprotonation by 2,6-lutidine as general
base in water.

The 'H NMR spectrum of 1 showed a
doublet peak at 5.80 ppm derived from the
anomeric proton with the coupling constant
of about 8.16 Hz, clearly indicating that the
anomeric configuration of the adduct is B-
type (Figure 4). The other anomeric
protons of xylose (Xyl) and glucose (Glc)
were detected at 4.8 and 4.4 ppm, respec-
tively. The '*C NMR spectrum showed
signals due to the C-4 of the Glc unit at
around 79 ppm, and the C-6 of Glc-Xyl unit
at 66 ppm. The structure of nona-saccharide
adduct 2 was also confirmed by 'H and
13C NMR spectra.

In these reactions, disubstitued «-
adducts having a DMT moieties at the 1
and 2 position of the oligosaccharides were
formed as by-products. However, these
compounds could easily been removed by
a high performance liquid chromatography

T v%wi
it st

OH OMe
O
HO— O{\
OMe
DMT-B-XXXG 1 (R=H)
DMT-B-XLLG 2 (R = -Gal)

groups, and secondary hydroxy groups,
HO"\“‘;%HO -0 HO Q
OR
MO o Oé@/ ’m
Ho—=\Fo > Ho
OH OH
Me OMe
- —\<
o 9 +|\H’
DMT-MM
2 6-lutidine
H,O
Scheme 1.

Direct synthesis of DMT-3-XXXG 1 (R=H) and DMT-B-XLLG 2 (R = B-Gal).

Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.ms-journal.de



Macromol. Symp. 2010, 297, 200-209

X,T\D\]Hﬂo\’\\]rio \ﬁ

{_OH i <OMe
o & T L,
Ho&ms‘- ?m;:-\\_/%ol"}-/?m =0 N
OH OH OH OH “oMe DOH OMe
v I I I
sugar-H
e
XV|IHV_1
Glg'v-1
Glc'-1
T T T T T T T T T T T T T T T T
80 58 56 54 52 50 48 46 4.4 42 40 38 38 34 32 3.0 EPW
1-1V_
X1 Glc'V-6
::“)q Glc--4 |
g Gle!HV-1
Glc-1
1 1&!)0 1700 160.0 I5|0.0 WlJO 130.0 ' IE‘DO ll:).O ‘ IO}).O ‘ SUIO SO‘.G ' TDID ' EUI‘O ‘ 50’.0 & ppm

Figure 4.
'H and *C NMR spectra of DMT-B-XXXG 1.

(HPLC), because there are large difference
of physical properties between the mono-
substituted adduct and the disubstituted by-
product.

Enzymatic Polycondensation Reactions

When a solution containing a catalytic
amount (13-16 wt.% for 1 or 2) of endo-

%ﬁwﬁw

DMT-B-XXXG 1 (R=H)
DMT-XLLG 2 (R = p-Gal)

EGII

buffer

Scheme 2.

B-1,4-glucanase II from Trichoderma reesei
(EGII) was added to a solution of the new
glycosyl monomers, DMT-B-XXXG 1 and
DMT-B-XLLG 2, in 50 mM sodium acetate
buffer (pH 5.0) and the resulting mixture
was kept at 30°C for 4 days, the poly-
condensation of these monomers took
place, giving rise to the corresponding

ﬁ’ﬁﬁ%% )

(XXXG),
(XLLG),

(R=H)
(R = p-Gal)

Synthesis of artificial xyloglucans using DMT-3-glycosides as glycosyl monomers catalyzed by EGII.
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polycondensation products having an
XXXG repeating unit and an XLLG
repeating unit, respectively (Scheme 2).
Endo-B-1,4-glucanase III from Trichoderma
reesei (EGIII) and a xyloglucan-specific

endo-B-1,4-glucanase from  Aspergillus
aculeatus ') also promoted the polycon-
densation of these glycosyl monomers.
The MALDI-TOF MS spectra of the
reaction mixtures after 4 days showed the

a)
} X10 |
XXXG
DMT-B-XXXG
DMT-B-(XXXG),
(XXXG), (XXXG)g
(XXXG),
/ (XXXG),
/ (XXXG),
DMT-B-(XXXG), [
(XXXG),
(XXXG),
(XXXG),
J‘ xxxa), | (XXXG),
FOU | VR It - LLP - /1 : ;
2000 4000 6000 8000 10000
m/z
b)
XLLG xe '
DMT-B-XLLG
(XLLG),
(XLLG),
DMT-B-(XLLG), | DMT-B-(XLLG),
/ / (XLLG),
m : - I ool L. ; / - ‘
1000 2000 3000 4000 5000 6000 7000
m/z
Figure 5.

MALDI-TOF MS spectra of the reaction mixture of EGlI-catalyzed polycondensation of (a) DMT-B-XXXG 1 and

(b) DMT-B-XLLG 2 as glycosyl monomers.
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signals derived from the polycondensa-
tion products ((XXXG), and (XLLG),)
(Figure 5(a) and 5(b), respectively). The
molecular weight differences between each
peak were 1044 and 1368, respectively,
which correspond to the molecular weights
of the XXXG unit and XLLG unit. These
results clearly indicate that the oligosac-
charide transfers took place at the position
of DMT-glycosidic bonds in the monomers
1 and 2; no transglycosylations occurred at
the inner positions of the XXXG or XLLG
unit.

In order to increase the yields, we
examined the transglycosylations under
various reaction conditions. Figure 6 shows
the pH effect on the polymerization of
DMT-B-XXXG 1 in 40mM citric buffer
(pH =3.0-6.0) at 30°C, which was mon-
itored by MALDI-TOF-MS. When the
reaction was carried out at pH 5.0, the
products up to hexamer ((XXXG)q) were
detected. Further change of pH to 6.0
caused the decrease of degree of polymer-
ization to tetramer. Under more acidic
conditions (pH =3.0, 4.0), the polyconden-
sation products could not be obtained. It
has already been reported that the
optimum pH of EGII is in the range of
3.0 to 4.0. It is assumed that the resulting
polycondensation products were hydro-
lyzed by the action of EGII at pH 3.0 or
4.0. These results indicates that the
optimum pH for transglycosylation is

slightly higher than that for hydrolysis of
glycosidic bonds.

When the reaction was carried out at a
higher temperature (37°C), the yield of
polycondensation  decreased probably
because the resulting products were hydro-
lyzed immediately. At a lower temperature
(25 °C), the polycondensation did not occur
due to the inactivation of the enzyme
catalyst. It is well known that addition of
a water-miscible organic solvent like acet-
onitrile enhances the transglycosylation
reaction in enzymatic glycosylations cata-
lyzed by glycosidases. However, when the
reaction was carried out in the presence of
acetonitrile, the yield decreased even at the
optimum conditions (pH 5.0, 30 °C) prob-
ably due to the inactivation of the enzyme.

Isolation and Characterization of
Polycondensation Products

In order to obtain more information about
the structures of the enzymatic polycon-
densation products, the reaction mixture
was chromatographed, giving rise to
(XXXG), (14% yield), (XXXG); (6%
yield), and (XXXG)s (2% yield). The
"H NMR spectrum of (XXXG), showed
14 signals derived from the anomeric
protons at 5.1-4.4ppm. The anomeric pro-
tons of Glc were observed at around
4.4 ppm, strongly suggesting that the gly-
cosidic bond between adjacent XXXG unit
is B-type. The signal due to the anomeric

| X10 |
XXXG
DMT-B-XXXG
DMT-B-(XXXG),
(XXXG),
u (XXXG);  (XXXG),
" ;. | ¥ )
/l/ (XXXG);  (XXXG),
W L I 1 ) ! (c)
i k. 1 (b)
17 PN . . y : : —(a)
1000 2000 3000 4000 5000 6000 7000
miz

Figure 6.

Effect of pH on the EGlI-catalyzed transglycosylation. (a) pH =3.0, (b) pH=4.0, (c) pH=5.0, (d) pH=6.0.
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carbon at 102 ppm as well as the signal at
79ppm in the C NMR indicated the
formation of a B-1,4 glycosidic bond. All of
these data clearly showed that the poly-
condensation proceeded in a regio- and
stereo-selective manner, affording a B-1,4
glycosidic bond. Similarly, the structure of
the products, (XLLG), (9% yield) and
(XLLG); (4% yield), has been confirmed
by 'H and '*C NMR spectroscopy.
Xyloglucan endo-glucanase (XEG) is a
glycosidase that hydrolyzes xyloglucans
specifically at the reducing side of non-
substituted glucose residues, i.e. the B-1,4
glycosidic bond between Glc'Y and GlcV
(Figure 3). The purified (XXXG), and
(XLLG), were treated by XEG, and
MALDI-TOF MS of the reaction mixture
was taken. The original peaks due to
(XXXG), (Figure 7 (a-1)) and (XLLG),
(Figure 7 (b-1)) have smoothly changed to
the peaks of the corresponding monomer
unit XXXG (Figure 7 (a-2)) and XLLG
(Figure 7 (b-2)), respectively, strongly

suggesting that each unit is connected
through a B-1,4 glycosidic bond.

Reaction Mechanism

The formation of the stereoregular pro-
ducts can be explained by assuming the
formation of a glycosyl-enzyme intermedi-
ate at an active site of EGII enzyme with
the elimination of the dimethoxytriazine
moiety. This reactive intermediate is then
attacked by the 47”-hydroxy group of
another glycosyl monomer or propagating
oligomer, which locates in the acceptor site
of the catalytic site. The stereochemistry of
the product is retention of configuration via
double inversion with respect to the
anomeric carbon atom of the glycosyl
monomer. It is well known that endo-B-
1,4-glucanase specifically cleaves the gly-
cosidic bond on the non-substituted
glucopyranose (G unit) of xyloglucan,®!
which is in consistent with the fact that

(a-1) (XXXG), (b-1) (XLLG),
L A s | A deadh o
I I I I T 1 I ' 1
1000 2000 3000 1000 2000 3000 4000
m/z m/z
(a-2) (b-2)
XXXG XLLG
by L. . J e
T % T ¥ T I T T I I T
1000 2000 3000 1000 2000 3000 4000
m/z m/z
Figure 7.

MALDI-TOF-MS of (a-1) (XXXG), (purified product), (a-2) hydrolysis mixture catalyzed by XEG, (b-1) (XLLG),
(purified product), (b-2) hydrolysis mixture catalyzed by XEG.
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the polycondensation proceeds via hepta-
saccharide unit or nona-saccharide unit
without cleaving any glycosidic bonds on
the X unit and L unit.

Conclusion

The artificial oligoxyloglucans having a
definite repeating structure have success-
fully been prepared by an enzymatic
polycondensation of DMT-B-glycoside
monomers. These monomers can be
synthesized directly from the correspond-
ing unprotected oligosaccharides by using
DMT-MM in aqueous solution. The pre-
sent process is the first report of chemo-
enzymatic  polycondensation reaction,
where both of the chemical synthesis of
the glycosyl monomer and the successive
enzymatic reaction are achieved without
using any protection of hydroxy groups in
water. This new methodology would be an
efficient and a practical tool for the
construction of polysaccharides in glyco-
technology.

Acknowledgements: This work was supported by
a Grant-in-Aid for Scientific Research from the
Ministry of Education, Sports, Science and
Technology, Industrial Technology Research
Grant Program in 2006 from NEDO of Japan,
and the International Center of Research &
Education for Molecular Complex Chemistry in
2007 from Tohoku University Global COE
Program. We thank Prof. Takahisa Hayashi
(Kyoto University) for providing xyloglucan-
specific endo-p1,4-glucanase from Aspergillus
aculeatus (XEG).

Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

[1] T. Hayashi, Annu. Rev. Plant Physiol. Plant Mol. Biol.,
1989, 40, 139.

[2] Y. Kato, Plant Nutrient Acqusition, N., Ae, )., Arihara,
K., Okada, A. Srinivasan, Eds., Springer-Verlag, Tokyo
2001, 276.

[3] Y. Kato, S. Ito, Y. Mitsuishi, Trends Glycosci. Glyco-
technol., 2004, 16, 393.

[4] R. L. Fischer, A. B. Bennet, Annu. Rev. Plant Physiol.
Plant Mol. Biol., 1991, 42, 675.

[5] S. shoda, “Glycoscience”, B. O., Fraser-Reid, K.,
Tatsuta, J. Thiem, Eds., Springer, Heidelberg 2001,
vol. Il, pp. 1465.

[6] S. Kobayashi, K. Kashiwa, T. Kawasaki, S. Shoda,
J. Am. Chem. Soc., 1991, 113, 3079.

[7] S. Kobayashi, T. Kiyosada, S. Shoda, J. Am. Chem.
Soc., 1996, 118, 13113.

[8] S. Kobayashi, H. Morii, R. Itoh, S. Kimura,
A. Ohmae, J. Am. Chem. Soc., 2001, 123, 11825.

[9] S. Kobayashi, S. Fujiwara, M. Ohmae, J. Am. Chem.
Soc., 2003, 125, 14357.

[10] M. Saura-valls, R. Fauré, S. Ragas, K. Piens,
H. Brumer, T. T. Terri, S. Cottaz, H. Driguez,
A. Planas, Biochem. J., 2006, 395, 99.

[11] F. M. Ibatullin, M. J. Baumann, L. Greffe, H. Brumer,
Biochemistry, 2000, 47, 7762.

[12] M. Kunishima, C. Kawachi, F. Iwasaki, K. Terao,
S. Tani, Tetrahedron Lett., 1999, 40, 5327.

[13] M. Kunishima, C. Kawachi, J. Morita, K. Terao,
F. Iwasaki, S. Tani, Tetrahedron, 1999, 55, 13159.

[14] M. Kunishima, C. Kawachi, K. Hioki, K. Terao,
S. Tani, Tetrahedron, 2001, 57, 1551.

[15] T. Tanaka, M. Noguchi, A. Kobayashi, S. Shoda,
Chem. Commun., 2008, 2016.

[16] S. Shoda, K. Shintate, M. Ishihara, M. Noguchi,
A. Kobayashi, Chem. Lett., 2007, 36, 16.

[17] M. Pauly, L. N. Andersen, S. Kauppinen, L. V. Kofod,
W. S. York, P. Albersheim, A. Darvill, Glycobiology, 1999,
9, 93.

[18] Y. Kato, K. Matsuda, in: Methods in Carbohydrate
Chemistry, Vol X. (). N., BeMiller, D. J., Manners, R. J.,
Sturgeon, . Whistler, Eds., pp. 207-216 R. L. John Wiley
& Sons, Inc., New York.

www.ms-journal.de

| 209



